It is thus confirmed that predictions based on interpreting the age distribution of cancer incidence as the gamma/Erlang probability distribution have biological meaning, validating the underlying Poisson process as the law governing the development of the majority of cancer types, especially those driven by chemical mutagens. Importantly, this study suggests that the majority of driver events (60-80% in males, 50-70% in females) are induced by anthropogenic carcinogens, and not by cell replication errors or other internal processes.
Abstract
Background I have recently shown that the number of rate-limiting driver events per tumor can be estimated from the age distribution of cancer incidence using the gamma/Erlang probability distribution. It is important to understand how these predictions relate to established risk factors.
Methods
The number of rate-limiting driver events per tumor was estimated using the gamma/Erlang distribution and correlated to the percentage of cancer cases attributable to modifiable risk factors.
Results
The predicted number of rate-limiting driver events per tumor strongly correlates with the proportion of cancer cases attributable to modifiable risk factors for all cancers except those induced by infection or ultraviolet radiation. The correlation was confirmed for three countries, three corresponding incidence databases and risk estimation studies, as well as 
Introduction
There have been multiple attempts to deduce the number of rate-limiting steps in carcinogenesis from the age distribution of cancer incidence or mortality [1] . The proposed models for doing this, however, suffer from several serious drawbacks. For example, early models assumed that cancer mortality increases with age according to the power law [2] [3] [4] , which is inconsistent with the observed deceleration of mortality growth at an advanced age. Moreover, when high quality data have accumulated, it became clear that, at least for some cancers, incidence even starts to decrease after peaking at some advanced age [5, 6] .
More recent models of cancer progression are based on multiple biological assumptions, consist of complicated equations that incorporate many predetermined empirical parameters, and still have not been shown to describe the decrease in cancer incidence at an advanced age [7] [8] [9] [10] [11] [12] . It is also clear that an infinite number of such mechanistic models can be created and custom tailored to fit any set of data, leading us to question their explanatory and predictive values.
I have recently proposed that the age distribution of cancer incidence can be interpreted as the statistical distribution of probability to accumulate the required number of driver events by the given age [13] . I have shown that, of all standard probability distributions, the gamma distribution (and its special case with the integer shape parameter -the Erlang distribution) fits the actual age distribution of incidence for 20 most prevalent cancers the best [13] . I have then shown that the gamma/Erlang distribution is the only standard distribution that, in addition, approximates incidence for all studied childhood and young adulthood cancers, thus validating it as the universal equation describing cancer incidence [14] . Importantly, the Erlang distribution describes the waiting time for the occurrence of the given number of independent random events, as it was initially devised to calculate call queues at telephone exchanges. It is based on the Poisson process, which implies not only pure randomness of event timings but also their constant average rate.
Thus, the excellent fit of the gamma/Erlang distribution to the actual incidence data implies that cancers develop according to the Poisson process, i.e. driver events occur randomly and at a constant average rate. Interestingly, the shape parameter of the gamma/Erlang distribution can be interpreted as the number of rate-limiting driver events that occur by the time of cancer diagnosis. It is thus possible to estimate this number for any cancer type, upon fitting the gamma/Erlang distribution to the actual age distribution of incidence. I have shown that these numbers vary considerably, from 1 in retinoblastoma [14] to 41 in prostate cancer [13] . Next, it is important to show that these predictions correspond to experimentally observed variables, such as the number of driver mutations per tumor predicted from sequencing data. However, the variability of DNA alterations that can contribute to cancer progression, some of which are not yet routinely assessed, and the imperfection of algorithms for separating driver and passenger mutations severely complicate this task, as discussed in [13] . Thus, a simpler correlate is required to prove the meaningfulness of the predictions, before engaging in a full-scale confirmation effort.
Here I identify such correlate as the percentage of cancer cases due to modifiable risk factors. This is an often-used parameter in epidemiological studies, and is also called the population attributable fraction (PAF). It shows, for example, what percentage of lung cancer cases are caused by smoking tobacco. Combined PAF shows the overall contribution of all potentially modifiable risk factors, which usually include air pollution, occupational hazards, ionizing radiation, smoking, alcohol, poor diet, insufficient exercise, obesity, infection and ultraviolet radiation. Here I show that the numbers of driver events per tumor predicted by the gamma/Erlang distribution strongly correlate with combined PAFs for most cancers, with the exception of cancers with the large contribution from infection or ultraviolet radiation. This confirms that predictions obtained from the gamma/Erlang distribution are meaningful, validating the Poisson process as the law governing the development of most cancer types and fostering the search for correlations with tumor sequencing data. Importantly, the results suggest that up to 80% of driver events are caused by the environment and lifestyle, and not, for example, by stem cell divisions, as has been recently proposed [15, 16] . 
Methods

I. Data acquisition a) Population attributable fractions data
II. Data selection and analysis a) Estimation of the number of driver events per tumor
For analysis, the incidence data were imported into GraphPad Prism 6. The following age groups were selected: "5-9 years", "10-14 years", "15-19 years", "20-24 years", "25-29
years", "30-34 years", "35-39 years", "40-44 years", "45-49 years", "50-54 years", "55-59 years", "60-64 years ", "65-69 years", "70-74 years", "75-79 years" and "80-84 years". Prior age groups were excluded due to possible contamination by childhood subtype incidence, and "85+ years" was excluded due to an undefined age interval. If in the first several age groups ("5-9 years", "10-14 years", "15-19 years") incidence initially decreased with age, reflecting contamination by childhood subtype incidence, these values were removed until a steady increase in incidence was detected. 
The amplitude parameter A was constrained to "Must be between zero and 100000.0" and scale and shape parameters b and k to "Must be greater than 0.0". "Initial values, to be fit" for all parameters were set to 1.0. All other settings were kept at default values, e.g. Least squares fit and No weighting.
The numerical value of the shape parameter k rounded to the nearest integer is interpreted as the number of driver events per tumor [13] .
b) Correlation of the predicted numbers of driver events per tumor with PAFs
Obtained k values were correlated to population attributable fractions (PAFs) in ultraviolet radiation contributed to more than 30% of cases, for a given country according to the published PAF data [17] [18] [19] , were assigned to Class 2 (non-anthropogenic). The rest were assigned to Class 1 (anthropogenic), which included cancers with substantial contribution from air pollution, occupational exposure, exposure to ionizing radiation, smoking and exposure to secondhand smoke, alcohol intake, poor diet (red and processed meat, insufficient fiber, vegetables, fruit and calcium), excess body weight, insufficient physical activity, insufficient breastfeeding, postmenopausal hormone therapy and oral contraceptives, according to the published PAF data [17] [18] [19] .
Results
To estimate the numbers of driver events per tumor, the gamma distribution was fitted to the actual age distributions of incidence separately for males and females in three countries -USA, England and Australia (Figure 1 and Table 1 Successful fitting of the remaining cancer types allowed the estimation of the numbers of driver events per tumor using the shape parameter of the gamma distribution.
Plotting the correlation of the number of driver events per tumor predicted from the gamma distribution with the estimated percentage of cases due to modifiable risk factors obtained from the published studies revealed that cancers appear to cluster in two classes.
Class 1, which included the majority of cancers, demonstrated the linear correlation,
whereas Class 2 clustered in the upper left corner of the plot in a cloud-like fashion.
Investigation of the Class 2 revealed that it consists entirely of cancers with substantial (>30%) contribution of infection to their pathogenesis, plus the melanoma cancer. Class 2 was therefore named "non-anthropogenic", as infections and ultraviolet radiation existed long before the human civilization. Interestingly, all cancers in Class 1 were induced by factors that arose with human civilization, such as air pollution, occupational hazards, ionizing radiation, smoking, alcohol, poor diet, insufficient exercise, obesity, insufficient breastfeeding, postmenopausal hormone therapy and oral contraceptives. Therefore, Class 1 was termed "anthropogenic".
The correlation of the predicted number of driver events per tumor with the estimated percentage of cases due to modifiable risk factors for cancers in males is shown in Figure 2 and Table 2 , and in females in Figure 3 and Table 3 . It can be seen that anthropogenic cancers indeed exhibit the strong correlation for all studied countries and for both sexes, whereas non-anthropogenic cancers exhibit the correlation in none of the cases.
Amongst anthropogenic cancers, the correlation is stronger and more significant for males than for females. Interestingly, the correlation is stronger and more significant for American as well as by variations in the screening, diagnostics and reporting protocols of different countries, in the sets of cancers included in the studies from which risk factor data were obtained, and in the methodologies of those studies. The role of population genetics also cannot be ruled out.
Discussion
One of the most interesting findings of this study is the clustering of all cancers into two classes, termed here anthropogenic and non-anthropogenic. The possible explanation for this dichotomy is that the human body managed to evolve some protective countermeasures against cancer risk factors that were present for millions of years, whereas it appears unprepared for the novel risk factors brought by our civilization. For example, ultraviolet radiation has been present on Earth since the beginning, and although melanocytes cannot completely protect their DNA, and a lot of DNA damage occurs, it is likely that they developed a very slow division rate [23] to avoid conversion of this damage into mutations for as long as possible. This may explain why only few rate-limiting driver events are predicted for melanoma despite lots of DNA damage that melanocytes receiverate-limiting in this case is cell division and not the DNA damage. Similarly, the human body had plenty of time to adapt to viruses and install some blocks which are difficult for viruses to overcome, which may explain why the incidence rates of virus-induced cancers are low, and less driver events are predicted than would be expected from the linear correlation. It is also clear that viruses are inducing cancer via different mechanisms than chemical carcinogens [24, 25] , and thus the development of such cancers may not be described by the Poisson process. Indeed, many of the virus-induced cancers have rather poor fits of the Erlang distribution to their age distributions of incidence ( Table 1 ).
The strong positive correlation of the predicted number of driver events per tumor with the contribution from anthropogenic risk factors suggests that the majority of driver events are caused by those factors. In other words, the higher is the number of driver events that are required for a given cancer type to appear, the less likely is for them to occur by chance (e.g. due to replication errors), and the more dependent are they on anthropogenic carcinogens to be induced. Indeed, as r 2 is called "the coefficient of determination" and describes the proportion of the variance in one variable that is explained by the other variable, we can calculate (by squaring Pearson r values from Figures 2 and 3 ) that anthropogenic risk factors explain 64%, 81% and 81% of the variance in the predicted number of driver events per tumor for males and 66%, 45% and 46% of the variance for females, living in USA, England and Australia, respectively. This is in accord with the mainstream view that the environment and lifestyle are the major contributors to carcinogenesis, but conflicts with the recently proposed view that the majority of cancers develop due to replicative mutations occurring during stem cell division [15, 16] . The latter view is based on predominantly mouse data handpicked from varied publications and processed through calculations with unobvious assumptions, and thus has been widely criticized [26] [27] [28] [29] [30] [31] [32] .
It is also interesting to speculate why the observed correlations are stronger for males than for females. One likely explanation is that males generally are more exposed to chemical mutagens, e.g. during smoking and at dangerous industries [17] [18] [19] , directly inducing mutations in the DNA, some of which happen to be drivers. On the other hand, females have a higher contribution to cancer risk from disturbances in physiology, usually related to hormone levels, such as being obese, using oral contraceptives, undergoing postmenopausal hormone therapy or abstaining from breastfeeding [17] [18] [19] . These risk factors may not lead to an increase in the number of overall and driver mutations (discrete events), but promote cancer via changes in intracellular signaling levels or the microenvironment (gradual change) [33] [34] [35] [36] [37] . The latter cannot be detected and counted using the gamma/Erlang distribution, which is capable of recognizing only discrete random events.
Overall, the correlations identified here serve as the validation of the hypothesis that most cancers develop according to the Poisson process and that the gamma/Erlang distribution can be used to predict the number of driver events per tumor for most cancer types, especially those driven by chemical mutagens [13, 14] . This has numerous implications, from the fundamental understanding of the carcinogenesis process to the improvement in driver prediction algorithms. ND -no incidence data in the database or no corresponding PAF data in the source publication.
Tables
Asterisk (*) denotes cancers in which viral infection contributes to more than 30% of cases, according to the published PAF data [17] [18] [19] . ND -no data in the source publication, NA -assigned to the non-anthropogenic group due to the strong contribution of the viral infection. 
